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We present weakly interacting massive particles (WIMPs) search results with two approaches of
effective field theory from the China Dark Matter Experiment (CDEX), based on the data from
both CDEX-1B and CDEX-10 stages. In the non-relativistic effective field theory approach, both
time-integrated and annual modulation analysis have been used to set new limits on the coupling
of WIMP-nucleon effective operators at 90% confidence level (C.L.) and improve over the current
bounds in the low mχ region. In the chiral effective field theory approach, data from CDEX-10 are
used to set an upper limit on WIMP-pion coupling at 90% C.L. We have extended the limit to the
mχ < 6 GeV/c
2 region for the first time.
PACS numbers: 95.35.+d, 29.40.-n, 98.70.Vc
Introduction. Throughout the past decades, com-
pelling evidences from astroparticle physics and cosmol-
ogy indicate the existence of dark matter (DM) [1]. The
leading candidate for cold dark matter, weakly inter-
acting massive particles (WIMPs, denoted as χ) have
been actively searched via spin-independent (SI) and
spin-dependent (SD) elastic scattering with normal mat-
ter in underground direct detection experiments [2–12].
However, the standard SI and SD scattering calcula-
tions are derived from the leading-order terms in WIMP-
nucleon effective field theory (EFT) with ordinary treat-
ment of nuclear structure [13–15]. In order to explore
different possible WIMP-nucleus interactions, two alter-
native schemes of EFT, non-relativistic effective field the-
ory (NREFT) [16–19] and chiral effective field theory
(ChEFT) [20–22], have been proposed and the conse-
quences have been examined by several direct detection
experiments [23–27].
The China Dark Matter Experiment (CDEX) [8, 28–
36], aiming at direct detection of light DM with p-type
point contact germanium (PPCGe) detectors, has fin-
ished two phases of data taking–namely CDEX-1(A, B)
and CDEX-10. An energy threshold of 160 eV was
achieved in CDEX-1B [33] and CDEX-10 [8], which en-
hances sensitivities for light DM. In this letter, we re-
port the results of EFT analysis based on the data from
CDEX-1B [33, 34] and CDEX-10 [8, 36]. In addition,
the long-duration data and stable running conditions of
CDEX-1B[34] allows annual modulation (AM) analysis
to be performed as a new aspect of EFT studies.
EFT approaches. In NREFT approach, all leading-
order and next-to-leading order operators maintaining
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2Galilean-invariance are taken into consideration [16–19].
This approach introduces 14 operators, Oi(i = 1, 3-15)
[19], which rely on different types of nuclear responses
in addition to the standard SI and SD cases. These op-
erators depend explicitly on WIMP and nucleon spins,
~Sχ and ~SN , the relative perpendicular velocity between
the WIMP and the nucleon, ~v⊥, in addition to the mo-
mentum transfer ~q. Note that O2 is not considered here
since it cannot be obtained from a relativistic operator
at leading order[18, 19].
The differential scattering rate with respect to nuclear
recoil energy in direct detection is generally given by:
dR
dER
=
ρ
mχmA
∫
vmin(ER)
vf(v)
dσ
dER
d3v (1)
where ρ = 0.3 GeV/(c2 cm3) is the local DM density, mχ
and mA are the masses of the WIMP and target nucleus
respectively, v is the relative velocity of WIMP in the
lab-frame, vmin is the minimal WIMP velocity that could
induce a nuclear recoil for a given energy ER and f(v) is
a Maxwellian velocity distribution with a most probable
speed of v0 = 220 km/s and a galactic escape velocity
of vesc = 544 km/s.
As discussed in Ref. [19], the details of particle physics
arising from NREFT are contained in the differential
cross section dσ/dER, associated with those 14 space-
spin operators which are coupled to protons and neu-
trons distinctly. Considering the isoscalar case, where
the operators (Oi) are coupled to protons and neutrons
equally, the strength of NREFT interaction is parame-
terized by coefficients c0i (0 denotes the “isoscalar” case)
which have dimensions of 1/energy2, such that they are
multiplied by weak mass scale (mW =246.2 GeV/c
2) to
be dimensionless. The results of NREFT framework pre-
sented in this letter are based on pure-isoscalar couplings.
The expected recoil energy spectra of each WIMP mass
for each EFT operator are calculated by a Mathematica
script introduced in Ref. [18, 19]. The spectra of O1, O5,
O6 and O15 are displayed in Fig. 1(a). The different de-
pendence on momentum transfer of these operators gives
rise to different suppression of event rates at low energies
in the corresponding spectra.
As in well known, the Earth’s velocity relative to the
galactic WIMP halo is time varying with a period of
one year, and can be expressed as vE(t) = {232 + 30 ×
0.51cos2pi(t− φ)/T} km/s, where T is 365.25 days, φ is
152.5 days from January 1st. Positive observations of AM
would provide smoking-gun signatures for WIMP-nuclei
scattering rates, as shown in Fig. 1(b), and the modula-
tion amplitudes are proportional to isoscalar coefficients
(c0i )
2. As discussed in Ref. [19], these operators are clas-
sified as leading order, next-to-leading order and next-to-
next-to-leading order, depending on the total number of
momenta and velocities involved. The cross sections of
different operators are scaled by (v2)α, where α is the to-
tal number of momenta and velocities in these operators.
Compared with O1, where the cross section is scaled by
v0, the modulation amplitude of O8 is larger since its
cross section is scaled by v2.
0 2 4 6 8 10 12 14 16 18
)
nr
Recoil Energy (keV
0
1000
2000
3000
4000
5000
6000
)
-
1
da
y
-
1
kg
-
1
C
ou
nt
 (k
eV
2
=8 GeV/cχm
2
=10 GeV/cχm
O1
0 2 4 6 8 10 12 14 16 18
)
nr
Recoil Energy (keV
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
6−10×
)
-
1
da
y
-
1
kg
-
1
C
ou
nt
 (k
eV
2
=8 GeV/cχm
2
=10 GeV/cχm
O5
0 2 4 6 8 10 12 14 16 18
)
nr
Recoil Energy (keV
0
0.02
0.04
0.06
0.08
0.1
0.12
9−10×
)
-
1
da
y
-
1
kg
-
1
C
ou
nt
 (k
eV
2
=8 GeV/cχm
2
=10 GeV/cχm
O6
0 2 4 6 8 10 12 14 16 18
)
nr
Recoil Energy (keV
0
0.05
0.1
0.15
0.2
0.25
0.3
9−10×
)
-
1
da
y
-
1
kg
-
1
C
ou
nt
 (k
eV
2
=8 GeV/cχm
2
=10 GeV/cχm
O15
(a)
0.2−
0
0.2
0.4
0.6
0.8
1
1.2)
-
1
da
y
-
1
C
ou
nt
 (k
g
Run 1 Run 20.25-0.30 keV
(b)
200 400 600 800 1000 1200 1400 1600 1800
Time (day)
600
800
1000
1200)
-
1
da
y
-
1
ke
V
-
1
C
ou
nt
 (k
g
1
1.5
2
2.5Amplitude/Averaged Rate: O1~11.6%
O8~16.3%
-410×
FIG. 1. (a) Expected recoil spectra of isoscalar operator
O1, O5, O6 and O15 for elastic scattering of 8 GeV/c2 and
10 GeV/c2 WIMPs on germanium nuclei, with c0i = 1. The
event rates of O5,6,15 are suppressed at low energies as they
depend on the momentum transfer in form of ∼ q2, q4 and
q6 respectively. (b) The top graph shows bulk event count
versus time in energy bin of 0.25−0.30 keV and the shaded
area denotes the period of gamma source calibration. The
details of these data are explained in Ref. [34]. The bottom
graph displays the modulated event rates of O1 and O8 in the
same energy bin of 0.25−0.30 keV. The mass of WIMPs was
set to be 5 GeV/c2, and c01,8 = 1 .
The ChEFT approach predicts consistent couplings of
WIMPs to two nucleons by pion-exchange [20–22]. This
letter focuses on ChFET in the SI channel, in which the
leading two-body currents [37–44] cannot be absorbed
into a redefinition of the WIMP-nucleon coupling. The
new couplings (denoted as σscalarχpi ) are interpreted as cross
sections for a WIMP scattering off a pion exchanged be-
tween two nucleons [44, 45]. The inclusion of the leading
3two-body currents in SD channel is a correction to the
standard response and is expected to have a significant
impact on SD searches [46–50]. However, this study is
beyond the scope of the current work.
The two-body currents of the SI channel in ChEFT
framework involve a new combination of hadronic ma-
trix elements and Wilson coefficients cpi, and con-
stitute the most important coherent corrections [51].
Therefore, in the scenario without standard SI inter-
actions, the WIMP-nucleus (χ-N ) cross section are ex-
pressed in terms of the scalar WIMP-pion cross section
σscalarχpi and WIMP-pion reduced mass µpi: dσ
SI
χN /dq
2 =
dσscalarχpi /µ
2
piv
2|Fpi(q2)|2, dσscalarχN = µ2pi/4pi|cpi|2, where q
is momentum transfer and Fpi is the nuclear structure
factor. The calculation of structure factor Fpi has been
discussed in details in Ref. [44]. For a given WIMP mass
mχ, the differential event rate for the WIMP-pion cou-
pling can be written as
dR
dER
=
2ρσscalarχpi
mχµ2pi
× |Fpi(q2)|2 ×
∫
vmin(ER)
f(v)
v
d3v. (2)
The spectra of WIMP-pion scattering are displayed in
Fig. 2(a). Based on Eq. (2), we can derive the limits for
σscalarχpi as a function of the WIMP mass mχ. Estimated
from the nuclear structure factors, the coupling to pion
is subleading compared with SI, but dominant over SD
scattering [45], therefore making it be highly valued in
the analyses of WIMPs.
Results of NREFT. Both time integrated (TI) analysis
and AM analysis are applied in the current analysis, using
the data from CDEX-1B and CDEX-10.
In TI analysis, the final constraints on the operators
Oi are calculated independently, based on two different
datasets from CDEX-1B and CDEX-10 with exposures
of 737.1 kg-day and 205.4 kg-day, respectively. The data
used in this analysis have been selected after a series of
criteria [8, 33] and the data of CDEX-10 are only from
the detector with best performance, named C10-B1 [36].
For CDEX-10 data, the minimum-χ2 analysis [30] and
unified approach [52] are applied to the residual spec-
trum, from which the contributions of L/M -shell x-ray
peaks have been subtracted by fitting corresponding K-
shell x-ray peaks, as shown in Fig. 2(b). However, for
CDEX-1B, the background of unknown origin at low
energy region below 2 keV makes minimum-χ2 analy-
sis inapplicable and a Binned Poisson method is used
as substitute [53]. For both CDEX-10 and CDEX-1B, a
10% systematic error is adopted for the quenching factor
calculated by TRIM package [54–57]. The upper limits
at 90% confidence level (C.L.) on 14 different operators
based on CDEX-1B and CDEX-10 are shown Fig. 3, in
which the results of SuperCDMS [23], XENON100 [24]
and CRESST-II [25] are superimposed as comparison.
We note that PandaX-II [26] and LUX [27] have also re-
leased results on EFT studies, but with relativistic EFT
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FIG. 2. (a) Differential recoil spectrum for WIMP-pion
(red) and SI WIMP-nucleon (blue) interactions at masses of
5 GeV/c2 and 10 GeV/c2 respectively, with cross sections of
1×10−46 cm2. (b) The residual spectra of C10-B1 (red points)
and CDEX-1B (black points).The blue dotted line and green
dotted line are the expected χ-N spectra due to WIMP-pion
scattering at mχ equal to 5 GeV/c
2 and 10 GeV/c2 respec-
tively, at cross section corresponding to the upper limits at
90% C.L., derived from CDEX-10 dataset.
or pure-proton/neutron framework. Direct comparisons
of both results would be infeasible. It can be seen that
CDEX-10 data provide more stringent constraints over
the current bounds in the mχ range from 2.5 up to sev-
eral GeV/c2 in all the operators studied as a consequence
of the low physics analysis threshold.
In AM analysis, data from CDEX-1B at 0.25−5.80 keV
are analyzed following the same procedure in Ref [34].
The total exposure is 1107.5 kg-day within a total time
span 1527 calendar days (∼4.2 yr), including two runs
(Run-1 and Run-2). Using the same AM analysis proce-
dures of our previous work[34, 35], we present the 90%
C.L. upper limits of (c0i )
2 in Fig. 3, together with the
results of TI analysis. The operators with higher order
of velocity dependence (all except O1,4) give larger an-
nual modulation amplitudes. Accordingly as indicated
in Fig. 3, with the similar CDEX-1B data set, the AM
analysis for these operators could give more stringent
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FIG. 3. The 90% C.L. upper limits of CDEX-10 and CDEX-
1B on isoscalar dimensionless coupling for all NREFT oper-
ators. The TI results of CDEX-10 and CDEX-1B are indi-
cated in solid red and green respectively, while the AM results
of CDEX-1B are presented as pink dashes. The limits from
superCDMS [23], XENON100 [24] and CRESST-II [25] are
indicated in solid black, blue, and magenta respectively.
constraints on coupling coefficients than the TI analysis
in mχ region above several GeV/c
2. This behavior is
different from the standard AM/Tl analysis on the SI
channel [34], in which the constraints with Tl are more
stringent than those of AM over the entire range of mχ.
Result of WIMP-pion scattering in ChEFT. For
WIMP-pion scattering in ChEFT framework, the
minimum-χ2 analysis, analogous to that used in TI anal-
ysis for NREFT, is applied to the data of CDEX-10 with
an exposure of 205.4 kg-day. The exclusion plot of scalar
WIMP-pion coupling at 90% C.L. is depicted in Fig. 4,
superimposed with the results given by XENON1T [45].
The low energy threshold of CDEX-10 brings along im-
proved sensitivities for low-mass WIMPs and gives rise
to new constraints on WIMP-pion cross section at mχ <
6 GeV/c2.
10
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FIG. 4. Upper limit at 90% C.L. on the WIMP-pion cou-
pling as a function of WIMP mass for CDEX-10 (red), su-
perimposed with the results (blue) given by XENON1T ex-
periment [45]. The potential reach with target sensitivities
of 100 eV threshold at 0.01 counts kg−1keV−1day−1 (cpkkd)
background level for 100 kg-year exposure are also displayed
here.
Summary.Since the allowed regions of the standard SI
and SD are further probed and excluded by the vari-
ous direct detection experiments [9–12], the analyses of
new channels, such as NREFT operators and WIMP-pion
coupling from ChEFT, are motivating new directions to
DM direct detection experiments. With incorporating
the NREFT to the analysis of the CDEX data, the up-
per limits on isoscalar coupling are set by both TI and
AM analysis at 2.5−20 GeV/c2 of mχ and new parame-
ters spaces are excluded at 90% C.L. As for WIMP-pion
coupling, CDEX-10 gives new constraints on WIMP-pion
cross section at mχ < 6 GeV/c
2. By improving the
performance of the detectors and suppressing the back-
ground, CDEX-10 is expected to give more stringent con-
straints on WIMP couplings in the EFT framework.
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